Abstract-This paper presents a photonic integrated tunable transceiver for Wavelength Division Multiplexing (WDM) Passive Optical Networks (PONs) that supports higher order modulation format such as Quadrature Phase Shift Keying (QPSK). The architecture of the transceiver will be presented and divided into blocks. Then, the design of each block will be discussed. At the end one can find laboratory results that validate the concept of the used architecture.
I. INTRODUCTION
Technology growth brought human kind to a new stage of development where simple things like shopping or complex situations in human relations are at the distance of one click, because we are now all connected. Our connection is the Internet. If one sees the Internet as a resource it is easy to understand that the mankind demanded more and more information and thus bandwidth and speed bringing the network capacity to its limits like we did with our other resources.
The only communication technology able to go along with the demands of bandwidth imposed by the growth of the Internet is the optical communications technology. It is the only technology that allows bitrates in the order of Terabits and long distances. Apart from satellites communications optical communications are the only that allow links with thousands of kilometers without the need of regeneration of data [1] .
To solve the forecasted problem of bandwidth demands, Fiber-To-The-x (FTTx) (where x can be Home (FTTH), Curb (FTTC) or Building (FTTB)) networks were deployed. FTTx networks are physically based on point-to-multipoint (P2MP) or point-to-point (P2P) topology [2] . The majority of FTTx is based on Passive Optical Networks (PONs): PONs are P2MP networks where all elements are passive, are cost effective and have low energy per bit [3] . Complementary to PONs, nowadays technologies based on Wavelength Division Multiplexing (WDM) are in use to improve the bandwidth and capacity of the network.
The bitrates provided by PONs and their new generations are high and can, for a short period of time, solve the problem of bandwidth demand. However, the capacity of optical fiber communications is greater than the one that is in use with these topologies. A solution to take advantage of all the properties of fiber optics communication is the combination of WDM with high order modulation formats such as Quadrature Phase Shift Keying (QPSK), this solution is onwards called hybrid PON and it has been defended by several authors, e.g. E.Wong [2] and J. Zhao et al. [4] .
With the growth of the deployment of optical networks, their complexity will also increase. The optical hardware used nowadays is based on discrete components which should be revised because in less than a decade the room at the central offices and the power consumption are going to be a huge problem. Photonic integrated circuits (PICs) are the solution to this problem. PICs are the equivalent of electronic Integrated Circuits (ICs) in the optical domain, thus instead of containing transistors and other electronic components they contain optical elements such as optical amplifiers or optical multiplexers. Among other reasons, PICs reduce space and power consumption while improving reliability. Moreover they reduce the cost of optical-to-electrical-to-optical (OEO) conversions [5] .
One is then able to conclude that PICs for PONs that take advantage of all the fiber capacities will be needed. In order to contribute to the development of these technologies, in this paper it is presented a photonic integrated transceiver for hybrid PONs. This type of solution should be the trend for the next generation of network planning. In order to obtain networks that provide to the costumer high data rates and can easily support the new trends like super high definition video and free viewpoint video, PONs with high-order modulation formats must be used.
The approach used in this paper to present the optical transceiver is top-down thus first one can read about the general architecture of the device and then its several blocks' principle of operation and design are presented. At the end, laboratory results that validate the use of the chosen architecture in networks are presented.
II. PRINCIPLE OF OPERATION AND DESIGN
In Fig.1 one can find the block diagram of the transceiver's architecture. In order to be WDM compliant, the different channels have to be spaced of 0.8 nm which at an operation wavelength of 1550 nm corresponds to 100GHz. To provide advanced modulation formats, in the transmission part an IQ modulator have to be used and in the reception a coherent receiver [6] . With the intention of better understanding Fig.1 one has to know the meaning of the blocks. Thus RFT is a reflector; SOA a semiconductor optical amplifier; MMI a multimode interferometer device; MZM a Mach-Zehnder modulator and PM is a phase modulator. The triangle shaped components at the outputs represent photodiodes and the T,R-AWGs are Arrayed Waveguide Gratings.
It is possible to identify three main blocks in the optical circuit: laser cavity, transmission (includes amplification and modulation) and reception. The laser cavity is composed by the devices in the light path from one set of reflectors to the other. The transmission is from the leftmost MMI to the Out optical excluding the bottom branch that exits the MMI before the 3dB coupler of the transmission. The remaining part belongs to the reception circuit. Each of this blocks' architecture is presented in detail in the following sections.
A. Laser Cavity
In Fig.2 it is presented the block diagram of the laser cavity. In [7] the architecture for multiwavelength lasers is presented. It comprises two sets of reflectors, an array of SOAs and an AWG. The referred AWG is the one in Fig.2 labeled as T-AWG.
The principle of operation is easy to understand. The reflectors create a loop for the light between the SOAs and AWGs. Initially, the SOA is excited and it starts to amplify noise. The role of the T-AWG is to tune the amplified noise to a signal with a maximum at the maximum of the channel passband shape. As this tuning occurs, the noisy signal becomes a signal with a defined spectral component. The SOA in the steady state is then amplifying the desired light beam. The signal exits the laser cavity through a MMI.
Due to geometrical properties of the AWG, the passband shapes of the central channels of the AWG are periodically repeated along the frequency. The period of this repetition is called Free Spectral Range (FSR). Owing to this situation, an additional AWG (R-AWG) was used. This AWG was designed to reject the copies of the tuning AWG. It has the same central frequencies, but with a different FSR such that the copies of both AWGs do not match. It is then guaranteed that this circuit only transmits the central channels and filters the copies. In Fig.3 one can find the overlapped spectrum of both AWGs obtained in the design process with Aspic from Filarete software. The green bold is the spectrum of the R-AWG at the MMI side and the remaining sets of four channels regard the four channels of the T-AWG. One can then understand that only in the desired region of the spectrum, the spectra overlap. The rest of the copies of the AWGs are rejected.
The transceiver only emits one wavelength at a time. In order to choose which wavelength is used, the correspondent SOA is excited. The AWG used for tuning has four inputs and one output. Each of the four inputs is connected to a SOA. As each channel corresponds to a different wavelength, the switching of the correspondent SOA allows one to choose the desired operating wavelength. The chosen wavelengths in this application are around 1550 nm as most of the foundry platforms are optimized for this wavelength in terms of active regions and waveguides. Also, it is the spectrum region where optical communications perform better since it corresponds to a window in which the losses due to the absorption on the fiber are smaller. 
B. Transmission Block
The transmission block comprises the beam amplification and signal modulation. The input beam comes from the laser cavity and this block has two outputs. One is the modulated optical chip output and the other is the local oscillator (LO) that is needed for the coherent detection in the reception block. The beam amplification is performed in the SOA and the modulation in the remaining components. They define an IQ modulator used for high order modulation formats. The block diagram of the transmission part is presented in Fig. 4 .
As stated before, the first stage of the transmission part is the amplification. The main target of this stage is to boost the quality of the signal generated in the laser cavity in order to have enough power for the coherent reception and for the IQ modulator. After the amplification stage the signal is equally divided. One branch is routed to the reception block the other is the light to be modulated.
. To have a deeper knowledge of the operating principle of an IQ modulator, one can read [6] . In general terms, it comprises two MZM which perform intensity modulation in two different branches in which two signals have a phase difference of 90 . One branch corresponds to the In-Phase (I) component and the other to the Quadrature (Q) component of the resulting modulated signal. At the output of each branch, these components are combined in a MMI. The major difference between the architecture that is presented and the one in the mentioned literature is on the way the phase difference between both branches is achieved. Usually, the signal is split in a MMI and then, in the Q branch, a phase modulator is used. In the case of the presented architecture, a 2x2 3dB coupler is used to perform the beam splitting and from its transfer matrix one can conclude that there is a phase difference of 90 at its outputs [8] .
In integrated circuits, this choice allows more stability because normally phase modulators require a feedback loop to their electrical input. This choice also reduces the footprint of the modulator on the chip as usually phase modulators are the devices that occupy more room due to their physical properties.
C. Reception Block
In Fig.5 , one can observe in detail the block diagram of the reception block. It can be divided in two parts: the preamplification and the coherent reception. The latter one comprises the path of the LO and the 90 hybrid.
The photodiodes in use are p-i-n (PIN). In the case that this type of photoreceptors is used, pre-amplification is advised in order to improve the quality of the reception [9] . In the presented block diagram, the SOA used for pre-amplification is the one on the bottom left. The signal, which enters the chip, is pre-amplified on the referred SOA and goes to the 90 hybrid.
Before presenting the 90 hybrid, one can be first introduced to the LO path. The LO is used for the homodyne detection. The LO, in order to the chip perform homodyne detection should be at the same frequency of the signal that is received [10] . The simplest implementation is to obtain a replica of the beam generated in the laser cavity. This is the beam that comes from the top left MMI on the scheme. The 
In this design an external LO was used as well. This external LO and the LO that comes from the laser cavity are the inputs of a 2x1 MMI. With the addition of the external LO, one can have the option to perform coherent detection using the LO generated inside the chip or with an external one. This guarantees not only the operation of the chip the transmitter part is malfunctioning but also the tunability to different wavelengths than the ones generated on the transmitter side. With this feature, the device is able to operate in more versatile and expandable network scenarios.
If one wants to choose to use the external LO, the SOA in the path of the LO should be switched off and the external LO should be input on the chip. On the other way around if one wants to use the generated signals as LO, the SOA should be switched on and no signal should be injected on the optical input of the chip corresponding to the external LO.
A key component of the homodyne IQ receiver is a 90 hybrid. In Ref [11] three different realizations for this part of the circuit are presented. In the transceiver the option that has a configuration with four 2x2 3dB couplers and a phase delay was used. The other two options were discarded due to their difficult on-chip implementation. At the output four signals are obtained. Out1 and Out2 allow the recovery of the I component and the remaining the Q component. The drawback of this implementation is that a drift on the 90 phase shift imposed by the phase modulator degrades the performance of the coherent receiver. The authors Seimetz et. al [11] have proposed an external feedback loop that controls and stabilizes the point of operation of the phase modulator.
III. LABORATORY EXPERIMENTS

A. Setup
Laboratory work was done to test how the transceiver works in a network. The different parts of the chip were emulated with discrete components. Lasing was done through a feedback loop as in the laser cavity of the chip. This signal was then modulated in an IQ modulator and with a coherent detector the signal was detected and characterized in back to back and after 40 km of standard single mode fiber (SSMF). The reception system was tested in two ways: when the local oscillator was an external cavity laser (ECL) (Fig.6 top) and when it was the laser generated in the feedback loop (Fig.6  bottom) .
One can conclude that both setups are similar in the upper branch. This branch is the feedback loop where the laser is generated. The difference between top and bottom cases is that in the latter one, an extra 50/50 coupler is added and the light generated in the laser feedback loop is used at the input of the coherent receiver. With the presented setups one can verify that fiber was used between the IQ modulator and the variable optical attenuator (VOA). In each setup, this module of fiber was removed in the back to back experiments. The resulting electrical signal was digitalized by a 50GSa/s real-time oscilloscope. The oscilloscope was connected to the Optical Coherent Receiver (OCR) analyzer via Ethernet. OCR is a digital signal processing software whose interface was developed in Matlab® GUI in Instituto de Telecomunicações, Pólo de Aveiro.
B. Laboratory Results
After exiting the laser cavity, the beam was modulated at a rate of 10Gb/s. In order to characterize the reception of the different signals, the power at the input of the coherent receiver was swept using the variable optical attenuator (VOA).
For the different values of the power at the input of the coherent receiver, with the aid of OCR, the signal characteristics were measured. In this sub-section, the spectrum of the generated laser, the signal constellation, and the variation of the error vector magnitude (EVM) with the power at the input of the coherent receiver are presented and discussed. The EVM were obtained for 4096 recovered symbols, over 3 independent measurements.
The spectrum of the laser obtained with the feedback loop is presented in Fig. 7 . The peak is located at 1550.3 nm and its power was 6.3dBm. The total power of the signal was 7.4dBm. The power at the output of the laser was a concern because it should be enough to enable good performance of the IQ modulator and the coherent receiver in the case it is used as LO. The other parameter measured was linewidth. The spectrum widening causes a degradation on the performance of the IQ modulator and especially on the coherent receiver because homodyne detection only occurs if the frequency of the signal is equal to the one of the LO. The measured 3dB and 20dB linewidth were respectively, 0.0009434nm and 0.0049943nm. Which at 1550.3nm correspond to 117.7MHz and 622.9MHz. These could be considered large values for the linewidth of a laser however one should notice that this was done with discrete components. In the case of an integrated scenario, one obtains more stability of operation and narrower linewidth, as it was already reported in [12] .
With the setup presented in Fig.6 (top) , first for a case in which no fiber was used the resulting variation of EVM for different powers at the input of the coherent receiver is presented in Fig.8 (top) . From its analysis one can determine that with an increase of the power at the input signal, a decrease of the EVM occurs leading to better performance of the system. For coherent receiver input power greater than -30dBm the variation of the EVM is not very significant and one can conclude that the system is in a stable operating point.
. Fig. 8 Relation of EVM and power at the input of the coherent receiver with ECL as LO in a back-to-back configuration (top) and emplying 40km of SSMF (bottom). Constellations presented for the case of -27dBm of Power. The results for the case in which 40km of SSMF was used are presented in Fig.8 (bottom) . As in the case of back to back one can conclude that for powers greater than -25dBm, the system is in a stable operation point as the variation of the values of EVM are small. As in the previous case, with a decrease of power, the value of EVM increases. Using fiber, with the decrease of the power the increase of EVM is more visible. Thus the introduction of the fiber, as expected, degrades de performance of the system. For a better analysis and comparison of the result, the constellation of the signal for the case of -27dBm is shown in Fig. 8 . One can observe that both have small deviation from the ideal points as it was expected from the analysis of the EVM values. It is also possible to state that in the constellation corresponding to the case in which the fiber was used, the points are more scattered which is due to the dispersion introduced in the fiber.
In the case where the generated laser was used as LO, the results are presented in Fig. 9 . One can conclude that with an increase of the power there is a decrease on the EVM as in the previous case. Comparing the results of both setups one can conclude that the lower limit of the EVM is higher in the case where the generated signal is used as LO. This means that even in a stable mode of operation when using the generated laser as LO, the deviation of the received symbols from the ideal points in the constellation is larger than in the previous case. One can also conclude that in this case, with the reduction of power there is a more accentuated increasing of the EVM when compared to the case in which the ECL was used as LO. The constellations for the input power of -24 dBm are also presented on the plot. The scattering of the received symbols on the constellations is more visible in the case when the fiber was used, which was expected due to the dispersion introduced. By comparing the obtained constellations of both setups, the difference of the quality of the received signal becomes more evident. The constellations of the setup that uses the ECL as LO are more concentrated around the ideal points for the back to back and 40km of SSMF case. This can lead to a relaxation on the parameters of the threshold levels when compared to the case that the generated laser is used. One has then to solve the tradeoff between the reduction of complexity of the system when using the generated signal as LO and the reduction of complexity of hardware specifications for the threshold levels when using the ECL as LO. The differences between the two studied setups can be explained by the fact that the generated laser inputs less power in the coherent detector than the ECL LO. Also, the linewidth of the generated laser is larger than the one of the ECL.
In sum, both ECL and generated laser can operate as LO in a network with fiber links up to 40km. This can lead to the conclusion that the chip can be used in different network topologies. In a system perspective, the versatility of the chip was proven, it can be tuned over different channels of a WDM grid and can be used to send information in one wavelength and receive in other. This feature can be used to be compliant with standards that use one spectrum band for upstream and other for upstream.
IV. CONCLUSIONS
The architecture and design of an integrated transceiver which can be used in PONs that support advanced modulation formats is presented in this paper. The different blocks of the device are presented along the second section. The third part of the document is dedicated to the laboratorial validation of the architecture. It was concluded that the device can operate in fiber links up to 40km using as LO of the coherent receiver the generated laser inside the chip or an ECL.
Nowadays, high definition video calls or music streaming are emerging and they require a large amount of bandwidth. The only communication technology that tracks this demand is the optical technology. The already deployed optical networks do not use the all the fiber capabilities and thus they need to be improved. WDM and advanced modulation formats are features of optical networks that use fiber's capacities. The presented chip was designed to be used in such networks. It is a tunable device that can be used in different network scenarios, due to its architecture characteristics. 
